A cDNA clone containing the complete coding region of RNA2 of the newly described TPA56 isolate of pea early-browning virus (English serotype, PEBV-E) has been obtained. A plasmid (pFLA56) containing this clone together with the 5' and 3' non-coding regions of PEBV isolate SP5 (the type isolate of PEBV-E) and flanked by the CaMV 35S promoter and NOS terminator is infectious when co-inoculated onto plants with pCaN1, an infectious clone of PEBV SP5 RNA1. Virus containing RNA2 derived from the cDNA clone of the TPA56 isolate is transmitted by Trichodorus primitivus nematodes, whereas virus containing RNA2 from a clone of the SP5 isolate is not transmitted. Sequencing revealed 11 differences out of 3374 nucleotides between the transmissible TPA56 and non-transmissible SP5 clones. However, only three of the base changes affected the amino acid sequences of virus gene products. A single, conservative amino acid change was present in the virus coat protein. Two non-conservative changes occurred in the protein of molecular mass 29.6 kDa expressed from an open reading frame located downstream of the coat protein gene, suggesting that it has a function in nematode transmission and that changes in this protein prevent vector transmission of the SP5 isolate of PEBV.
A cDNA clone containing the complete coding region of RNA2 of the newly described TPA56 isolate of pea early-browning virus (English serotype, PEBV-E) has been obtained. A plasmid (pFLA56) containing this clone together with the 5' and 3' non-coding regions of PEBV isolate SP5 (the type isolate of PEBV-E) and flanked by the CaMV 35S promoter and NOS terminator is infectious when co-inoculated onto plants with pCaN1, an infectious clone of PEBV SP5 RNA1. Virus containing RNA2 derived from the cDNA clone of the TPA56 isolate is transmitted by Trichodorus primitivus nematodes, whereas virus containing RNA2 from a clone of the SP5 isolate is not transmitted. Sequencing revealed 11 differences out of 3374 nucleotides between the transmissible TPA56 and non-transmissible SP5 clones. However, only three of the base changes affected the amino acid sequences of virus gene products. A single, conservative amino acid change was present in the virus coat protein. Two non-conservative changes occurred in the protein of molecular mass 29.6 kDa expressed from an open reading frame located downstream of the coat protein gene, suggesting that it has a function in nematode transmission and that changes in this protein prevent vector transmission of the SP5 isolate of PEBV.
Pea early-browning tobravirus (PEBV) was first identified as the causative agent of disease in pea crops in the Netherlands (Bos & van der Want, 1962) and subsequently has been detected in England (Gibbs & Harrison, 1964) , Morocco (Lockhart & Fischer, 1976) , Sweden (Gerhardson & Ryden, 1979) , Poland (Pospieszny & Frencel, 1985) , Italy (Russo et al., 1984; Robinson & Harrison, 1985) and Algeria (Mahir et al., 1992 (Gibbs & Harrison, 1964; Harrison, 1966 a, b) as the vectors of the * Author for correspondence. Fax +44 1382 562426. e-mail virsm @ scri.sari.ac.uk
The TPA56 RNA2 sequence has been deposited in the EMBL database, accession number X78455.
English serotype (PEBV-E). There appears to be a specific association between the virus and its vector, as T. primitivus and P. anemones transmit PEBV-E but not PEBV-D (Harrison, 1966b) . Ploeg et al. (1993) studied the transmissibility of pseudorecombinant viruses which were formed by mixing, in all possible combinations, the two virus RNAs (RNA1 and RNA2) derived either from a vectortransmissible (PPK20) or non-transmissible (PLB) isolate of another tobravirus, tobacco rattle virus (TRV). Only virus isolates containing PPK20 RNA2 were transmissible by P. pachydermus providing evidence that nematode transmissibility is determined by RNA2, which encodes the coat protein.
The complete nucleotide sequence and the construction of full-length, infectious cDNA clones of both parts of the SP5 isolate of PEBV-E have been described (MacFarlane et al., 1989 (MacFarlane et al., , 1991 (MacFarlane et al., , 1992 Goulden et al., 1990) . This isolate was originally obtained from an infected pea plant growing at Sporle, Norfolk, UK, and subsequently maintained by manual inoculation to Nicotiana clevelandii (Gibbs & Harrison, 1964) . In glasshouse tests the original PEBV SP5 isolate was 0001-2990 © 1995 SGM shown to be transmitted by T. primitivus (Harrison, 1966a) . However, this result has not been confirmed in transmission experiments using either the present laboratory stock of PEBV SP5 or an isolate derived from the infectious cDNA clones of the virus. It is possible that maintainance of PEBV SP5 by mechanical inoculation over 28 years has caused the virus to lose its ability to be transmitted by nematodes. In order to understand better the viral determinants of tobravirus transmission by nematodes we have obtained a new, nematode-transmissible isolate of PEBV-E. In this paper we describe the construction and sequencing of an infectious, transmissible clone of RNA2 of this isolate and we examine the genetic differences between this clone and the non-transmissible clone of PEBV SP5.
Viruliferous Trichodorus primitivus nematodes were extracted by a decanting and sieving method (Brown & Boag, 1988 ) from 200 g sub-samples of soil collected from a field of peas infected with PEBV at Croxton Farm, Fulmodestone, UK. Individual, hand-picked nematodes were tested for virus transmission by giving them access for 10 days to 2-week-old Petunia hybrida plants. The roots of each seedling were subsequently macerated and the suspension rubbed onto four carborundum-dusted leaves of Chenopodium amaranticolor and C. quinoa test plants. A virus obtained by these methods, and designated as PEBV isolate TPA56 to include information about its vector nematode species, was propagated in N. clevelandii and used for further transmission tests.
RNA was extracted from virus particles of TPA56 as described previously (MacFarlane et al., 1989) and used as a template for cDNA synthesis using a Pharmacia cDNA kit according to the manufacturer's instructions. First strand synthesis was primed with a synthetic oligonucleotide (5' GGGCGTAATAACGCTTACG 3'), complementary to the 3" terminal 19 nucleotides of both PEBV RNAs. Synthetic linkers were ligated to the double-stranded cDNA, which was cloned into EcoRIdigested pBluescript (Stratagene) and analysed by restriction digestion. A nearly full-length cDNA clone of PEBV TPA56 RNA2 was isolated which was shown by sequencing to correspond to the part of PEBV SP5 RNA2 extending from nucleotide 163 in the 5' noncoding region to nucleotide 3350, 24 bases short of the 3' terminus. The TPA56 cDNA clone was sequenced using as primers a set of oligonucleotides, derived from the PEBV SP5 sequence, which were positioned at intervals of 200 bases throughout RNA2. The TPA56 cDNA clone was sequenced completely on one strand, and positions that differed from PEBV SP5 were confirmed by sequencing the second strand.
Sequencing identified only 11 nucleotide differences between the 3188 base cDNA clone of TPA56 and the same region from PEBV SP5. Thus, the genome organization of PEBV TPA56 RNA2, like that of SP5, consists of a 5' proximal coat protein (CP) gene followed by an open reading frame (ORF) for a 9 kDa protein ('9K ORF'), a 29.6 kDa protein ('29K ORF') and a 23 kDa protein ('23K ORF') ( Fig. 1) .
The parts of the 5' and 3' non-coding regions of TPA56 included in the cDNA clone each contained a single nucleotide difference from SP5 (Table 1 ). The CP gene contained three base differences, two of which were translationally silent. The third difference (residue 52) resulted in a conservative amino acid substitution of isoleucine for valine. The 29K ORF contained four base differences, two of which were translationally silent. One change (residue 90) substituted a glycine for a serine, and one (residue 178) substituted a glycine for an arginine. The 23K ORF had two base changes, both of which were translationally silent. The 5' proximal 23K ORF change, a substitution of G for A at nucleotide 2384, is responsible for changing the Bsu36I site (CCTCAGG) at position 2380 in the SP5 isolate to an AvaI site at position 381 in the TPA56 isolate. The TPA56 cDNA clone was then digested with ApaLI (site at position 273) and AflII (site at position 3180) and the fragment used to replace the corresponding part of the full-length infectious cDNA clone of PEBV SP5 RNA2, pCaN2, which contains the CaMV 35S promoter at the 5' terminus of the PEBV sequence (MacFarlane et al., 1992) . The resulting clone, pFLA56, contains the terminal parts of the 5' and 3' non-coding regions of PEBV SP5 flanking part of the 5' and 3' noncoding regions and the entire coding region of PEBV TPA56. The infectivity of this clone was tested by inoculation to N. benthamiana together with pCaN1, a full-length infectious clone of PEBV SP5 RNA 1, which is linked to the CaMV 35S promoter also (MacFarlane et al., 1992) .
A mixed population of non-viruliferous T. primitivus and P. pachydermus from Woodhill, Scotland, UK, present in a ratio of approximately 2: 1, was used in tests to determine if the nematodes could acquire and subsequently transmit TRV, PEBV, and virus derived from cDNA clones of PEBV SP5 RNA1 and TPA56 or SP5 RNA2. TRV isolate PPK20 is efficiently transmitted by P. pachydermus which provides a measure for the feeding activity of the nematodes in this soil population. Nematodes were given access for 4 weeks to Pet. hybrida plants which had been mechanically inoculated with virus or homogenates of N. benthamiana plants previously inoculated with virus cDNA. Individual nematodes were subsequently tested for virus transmission by giving them access for 10 days to 2-week-old Pet. hybrida seedlings. Root systems of the seedlings were tested for the presence of virus and the identity of virus present was (Table 2) Neither the natural SP5 isolate nor the cDNA-derived SP5 (pCaN1/pCaN2) virus were transmitted by P.
pachydermus, P. anemones, T. cylindricus, T. primitivus or T. similis.
Determination of the nucleotide sequence of RNA2 of a nematode-transmissible isolate of PEBV (TPA56) has allowed us to make a detailed comparison with the sequence of a very closely related but non-transmissible isolate (SP5). The two virus isolates are 99.6 % identical at the nucleotide sequence level, a figure which probably reflects their close original geographical location; Sporle (SP5) and Fulmodeston (TPA56) are only 15 miles apart. These two isolates contain base differences in three of the four ORFs encoded by RNA2. However, base changes that alter the amino acid sequence occur only in the CP gene and 29K ORF.
Investigation of various isolates of the related tobravirus, TRV, revealed a strong correlation between serological reaction of the virus particles and vector nematode identity (Ploeg et al., 1992a) . Thus, it appears that the structure of the virus coat protein is probably an important determinant of nematode transmission. Comparison of the nucleotide sequence of the TPA56 coat protein gene with that of SP5 revealed three differences, two of which do not affect the amino acid sequence of the protein. The third change, valine to isoleucine, is a conservative substitution which is unlikely to alter the structure of the protein substantially. The changed residue (amino acid 52) is located in the first third of the protein at a position considered to form part of the hydrophobic core of the virus particle (Goulden et al., 1992) , and would not be expected to be available to interact with other virus-or vector-specified components. Furthermore, comparison with other tobravirus coat proteins shows this position to be occupied either by valine, leucine or isoleucine residues. There were no differences between the coat protein amino acid sequences of TPA56 and SP5 in either of the two regions shown to be most highly immunogenic in TRV (Legorburu, 1993) . Thus, the difference in nematode transmissibility of PEBV SP5 and TPA56 is unlikely to result from differences in the coat proteins of the two viruses, suggesting the involvement of an additional protein(s) in this process. As described above, base changes were not found in the 9K ORF and only two, translationally silent, changes were found in the 23K ORF suggesting also that nontransmissibility of the SP5 isolate does not result from alterations to either of these ORFs. Examination of the codon usage of the 9K ORF suggested that it was not translated (Goulden et al., 1990) and could not, therefore, be involved in nematode transmission. Data are not available to substantiate this hypothesis, and indeed, exact conservation of this sequence in two isolates obtained 28 years apart suggests that the 9K ORF RNA sequence, or a translation product of the sequence, has an essential role in the virus life-cycle. Data on the function of the 23K protein are also not available but this protein could have a role in nematode transmission.
The nucleotide changes that probably cause the difference in transmissibility of the TPA56 and SP5 isolates are located in the 29K ORF. Four base changes occur in this ORF; two do not affect the amino acid sequence of the protein, whereas two result in serine (SP5) to glycine (TPA56) and arginine (SP5) to glycine (TPA56) substitutions. The PEBV 29K protein shares 35 % amino acid identity with a similar sized (29.1 kDa) protein encoded by RNA2 of the TCM isolate of TRV (Angenent et al., 1986) . The TRV TCM and PEBV TPA56 proteins differ at the two positions where the SP5/TPA56 substitutions occur. Indeed, the SP5 and TCM proteins share a serine residue where TPA56 has a glycine, and TCM has a serine residue where SP5 has an arginine and TPA56 a glycine. Thus, to determine whether one or both of these residues is important for the correct functioning of the 29K protein will require further investigation. Although there are no direct experimental data to confirm that the 29K protein is a nematode-transmission factor, Western blotting has shown this protein to be expressed, being detectable 4 days post-inoculation in the soluble protein fraction of PEBV-infected peas (Johnsen et al., 1991) .
The loss of transmissibility of the SP5 isolate of PEBV during repeated mechanical inoculations resembles similar occurrences in other virus-vector systems (Tsai & Bath, 1974; Evans & Zettler, 1974) , whereby the lack of selection pressure to maintain natural transmission allows the accumulation of mutations in non-essential parts of the virus genome. However, despite the extended period (30 years) of glasshouse propagation of SP5, this isolate and the new field isolate TPA56 still retain a surprisingly high degree of sequence homology. The RNA1 of tobraviruses encodes all the genes necessary for replication and systemic spread of the virus, and exhibits extensive homology between different isolates. There is, presumably, a much lower selection pressure for maintainance of full-length RNA2 generally resulting in variability between different isolates. This was identified in a study where, after several repeated passages, two of eleven TRV isolates underwent a reduction in the length of the virus particles encapsidating RNA2 (Harrison & Woods, 1966) . The TRV and pepper ringspot tobravirus RNA2 species which have been sequenced are shorter than, and have a different genome structure to that of PEBV (Bergh et al., 1985; Angenent et al., 1986 Angenent et al., , 1989 Cornelissen et al., 1986) . These isolates, including TCM which encodes the 29K ORF, have been maintained by mechanical transmission and have not been shown to be nematode transmissible.
To determine if PEBV is genetically more stable than TRV requires sequencing of further PEBV isolates. Also, the sequence of a nematode-transmissible isolate of TRV is required to examine whether PEBV and TRV have the same transmission factors. Mutagenic analysis of clone pTPA56 is being undertaken to confirm directly whether the 29K protein is a transmission factor and also to investigate possible roles of the other RNA2-encoded proteins in the transmission process.
